1. Introduction
===============

Congenital heart disease (CHD) is one of the most common human birth defects, approximately accounting for 6‰ to 8‰ of live-born neonates.^\[[@R1]\]^ Many studies show that cardiac malformations are caused by the common effect of maternal, environmental, and genetic factors, and genetic factors are closely associated with CHD.^\[[@R2]--[@R4]\]^ Genetic factors include structural chromosomal abnormality, gene mutation, copy number variations (CNVs), etc. Accompanied with the completion of the human genome sequencing, some new genetic variations have gradually attracted people\'s great attention such as CNVs. CNVs widely exist in the human genome. They refer to deletion, insertion, duplication, and complex multiple locus variations ranging from 1 kb to several megabits. CNVs can affect gene expression, phenotypic difference, and phenotypic adaptation by disturbing gene activity and/or altering gene dosage, finally leading to diseases.^\[[@R5]\]^ Array-comparative genomic hybridization (aCGH) has been mainly used to identify CNVs in samples by comparison with known control genomic DNA. Nowadays, it can successfully identify CHDs caused by chromosomal abnormalities.^\[[@R6]\]^ In the present study, we analyzed the chromosome karyotypes and genome-wide CNVs in 86 patients with tetralogy of Fallot (TOF) by G-banding karyotype analysis and aCGH, respectively, to explore the underlying pathogenesis and provide references for genetic counseling and prenatal gene diagnosis.

2. Subjects and methods
=======================

All study methods were approved by the Ethics Committee of Henan Provincial People\'s Hospital, Zhengzhou University People\'s Hospital. All the subjects enrolled in the study gave written informed consent to participate in the present study.

2.1. Subjects
-------------

A total of 86 patients with TOF receiving TOF treatment in our hospital between December 2014 and December 2015 were enrolled in the present study. Of the 86 patients, 46 were males and 40 females with an age range of 3 months to 28 years. There was no genetic relationship among these patients. All patients were diagnosed with TOF by echocardiography, clinical examination, and operation.

2.2. Karyotype analysis
-----------------------

Venous blood (3 mL) was collected from each patient and inoculated into RPMI1640. The chromosomes were prepared by the routine method, and then underwent Giemsa staining followed by analysis of 30 mitotic phases under a microscope.

2.3. DNA extraction
-------------------

DNA was extracted using genomic DNA extraction kit (Tiangen Biochemical Science and Technology Co Ltd, Beijing, China) according to the instruction manual. DNA concentration and purity were determined by an ultramicrospectrophotometer (NanoDrop 2000, Thermo Scientific, USA) and results indicated that the A260/A280 ratios of all DNA samples were between 1.80 and 1.90.

2.4. aCGH assay and quantitative polymerase chain reaction
----------------------------------------------------------

DNA quality was checked, and then the qualified DNA samples were detected using SurePrint G3 Human CGH Microarray 8 × 60k chips (Agilent, Santa Clara, USA) according to the operating instruction. The microarrays were scanned and analyzed by microarray scanner (Agilent, Santa Clara, USA) and other supporting software. Subsequently, quantitative polymerase chain reaction (qPCR) was used to validate these candidate CNVs using StepOne-type fluorescent qPCR instrument (ABI, Vernon, USA). The primers used in qPCR are shown in Table [1](#T1){ref-type="table"}. Microarray results were further compared with UCSC, DECIPHER, DGV, ISCA, and OMIM databases to identify pathogenicity of CNVs.

###### 

Primers and amplicon sizes in quantitative polymerase chain reaction.
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2.5. Identification and evaluation for CNVs
-------------------------------------------

Genome-wide CNVs were detected by Agilent SurePrint G3 Human CGH Microarray chips containing approximately 60,000 copy-labeled probes. As 99.34% pathogenic CNVs are longer than 300 kb^\[[@R7]\]^ and \>200-kb CNVs are usually analyzed in clinic,^\[[@R8]\]^ we therefore analyzed chromosome aneuploidy variation and over 200-kb CNVs in the present study, but the possibilities of smaller chromosome structure and gene fragment abnormalities were not excluded here. According to public databases such as UCSC, DECIPHER, DGV, ISCA, and OMIM, CNVs were categorized into benign CNVs, suspiciously pathogenic CNVs, and indefinite CNVs.

3. Results
==========

3.1. G-banding karyotype analysis
---------------------------------

The chromosome karyotype was normal in all the 86 patients with TOF.

3.2. Results of aCGH and qPCR, and clinical phenotypes in the patients with CNVs
--------------------------------------------------------------------------------

CNVs were detected in 11 of the 86 patients with TOF by aCGH and qPCR. In detail, 3 patients harbored CNVs in the 22q11.21 region and other 8 patients carried CNVs in 12p12.3p12.2, 14q23.2q23.3, 1q21.1q21.2, 1q42.13, 16q11.2, 16q24.1, 7q31.1, 17q12, and 1p36.33p36.31 regions (Table [2](#T2){ref-type="table"}; Figs. [1](#F1){ref-type="fig"}--[10](#F10){ref-type="fig"}). Chromosome duplication was detected in 6 patients (patient no. 0008, 0009, 0016, 0024, 0026, and 0033) and 5 patients had chromosome deletion (patient no. 0001, 0010, 0028, 0029, and 0061). The results of qPCR were consistent with the results of aCGH (Supplementary Figs. 1--28).

###### 

Sizes and position of CNVs and clinical phenotypes in the 11 patients with TOF.
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![2.52-Mb deletion in 22q11.21 region in patient no. 0001, 0010, and 0029.](medi-95-e5552-g003){#F1}

![595-kb duplication in 12p12.3p12.2 region in patient no. 0008.](medi-95-e5552-g004){#F2}

![428-kb duplication in 14q23.2q23.3 region in patient no. 0008.](medi-95-e5552-g005){#F3}

![1.46-Mb duplication in 1q21.1q21.2 region in patient no. 0009.](medi-95-e5552-g006){#F4}

![513-kb duplication in 1q42.13 region in patient no. 0016.](medi-95-e5552-g007){#F5}

![292-kb duplication in 16q11.2 region in patient no. 0024.](medi-95-e5552-g008){#F6}

![270-kb duplication in 16q24.1 region in patient no. 0026.](medi-95-e5552-g009){#F7}

![222-kb deletion in 7q31.1 region in patient no. 0028.](medi-95-e5552-g010){#F8}

![1.73-Mb duplication in 17q12 region in patient no. 0033.](medi-95-e5552-g011){#F9}

![5.79-Mb deletion in 1p36.33p36.31 region in patient no. 0061.](medi-95-e5552-g012){#F10}

In the 11 TOF patients with CNVs, malformations include mirror-image dextrocardia, double outlet right ventricle, patent foramen ovale, atrial septal defect, patent ductus arteriosus, persistent left superior vena cava, right aortic arch, double aortic arch, and congenital pericardial defect (Table [2](#T2){ref-type="table"}).

3.3. Genes involved in the chromosome CNV region
------------------------------------------------

The genes located in the chromosome CNV regions were obtained by consulting UCSC gene database (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}).

###### 

Genes associated with chromosome duplication in the patients with TOF.
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###### 

Genes associated with chromosome deletion in the patients with TOF.
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4. Discussion
=============

TOF is the most common cyanotic CHD, and its pathological features include pulmonary stenosis, ventricular septal defect, overriding aorta, and right ventricular hypertrophy, which harm patients' growth and development.^\[[@R9]\]^ Chromosomal aberration is one of the main causes of CHD, and the abnormal increase or decrease of the chromosome copy number usually causes severe life-threatening congenital malformations.

Gene CNVs refer to DNA deletion or duplication of 1-kb to megabit structural variation based on the comparison with reference genome. The molecular mechanism of CNV formation is DNA recombination, which includes nonallelic homologous recombination, nonhomologous end joining, and so on.^\[[@R10]\]^ Recently, a new mechanism of CNV, fork stalling and template switching caused by DNA misreplication, has been discovered. Fork stalling and template switching can explain complex CNVs that are not interpreted by nonallelic homologous recombination or nonhomologous end joining.^\[[@R11]\]^ CNVs affect phenotype mainly through the following mechanisms: dose effect of deletion or duplication number; gene structural change caused by CNV, affecting corresponding gene expression product; gene expression level change caused by CNV, affecting apparent rate of gene; and CNV affecting multiple genes due to its distant control effects.^\[[@R12]\]^ The studies on CNV promote in people an awareness of pathogenesis and guide diagnosis and treatment for related diseases. With the development of applying aCGH in the detection of chromosome CNVs, its function has become more and more definite. In the present study, the aCGH was used to detect CNVs in 86 patients with TOF, and a total of 11 patients had chromosomal abnormalities. Among them, 6 cases carried chromosome duplication and other 5 cases harbored chromosome deletion, but none had both chromosome duplication and chromosome deletion.

Patient no. 0001 with TOF combined with patent foramen ovale and right aortic arch, patient no. 0010 with TOF combined with patent foramen ovale and congenital pericardial defect, and patient no. 0029 with TOF all carried a 2.52-Mb deletion in the chromosome 22q11.21 region. This region is associated with the 22q11 deletion/duplication syndrome (DiGeorge syndrome). DiGeorge syndrome usually shows cardiovascular malformations combined with multiple congenital malformations. In the 22q11 region, there are 4 discontinuous low copy number repetitive regions, which could easily cause gene nonallelic exchange during meiosis and finally lead to gene deletion.^\[[@R13]\]^ The 22q11 deletion syndrome is caused by a 1.5- to 3.0-Mb deletion in the chromosomal 22q11.2 region, results in thymic dysplasia (low immune function) and heart malformation, and is usually combined with multiple congenital malformations such as abnormalities in eye, kidney, and skeletal muscle as well as hypoparathyroidism.^\[[@R14]\]^ The main pathogenic genes for DiGeorge syndrome include *TBX1*, *CRKL*, *ERK2*, etc.^\[[@R15]\]^ While the *TBX1* and *CRKL* genes also occurred in the deleted regions of patient no. 0001, 0010, and 0029, we could see that the abnormal deletion in the 22q11 region was responsible for the CHD in the 3 patients. In 22q11 duplication syndrome, CHD is not common, while low intelligence, growth retardation, mental retardation, learning disabilities, and even decreased muscle tone usually occur.^\[[@R16]\]^ In a study of 7000 subjects receiving aCGH, Ou et al^\[[@R17]\]^ found that 19 patients had duplication in the 22q11 region and their clinical manifestations included deformities of face and limbs, developmental abnormalities of the nervous system, and abnormal listening and speaking abilities. Only 1 case of these 19 patients had congenital heart malformation. Similar with previous researches, the 3 patients in the present study had abnormal deletions in the 22q11 region, rather than abnormal duplications.

Patient no. 0009 with TOF combined with patent foramen ovale had 1.46-Mb duplication in the 1q21.1q21.2 region. This region contains numerous low copy number repeat sequences that make this region susceptible for chromosome rearrangements that usually result in CNVs such as duplication and deletion.^\[[@R18]\]^ Duplications in the 1q21.1 region usually exhibit growth retardation, neurological and mental abnormalities, as well as multiple congenital malformations.^\[[@R19]\]^ CHD is one of the main features of patients with CNVs in the 1q21.1 region.^\[[@R20],[@R21]\]^ In a study of 505 patients with cardiac malformations, 3 patients had gene deletions in the 1q21.1 region, and the gene deletions in the 1q21.1 region were also associated with interrupted aortic arch.^\[[@R22]\]^ Through analysis of 2436 patients with CHD, Soemedi et al^\[[@R23]\]^ found that duplications in the 1q21.1 region were very common in the patients with TOF, and deletions in the 1q21.1 region were closely related to other cardiac malformations except TOF. In the present study, patient no. 0009 with TOF combined with patent foramen ovale also had the duplication in the 1q21.1 region, which is consistent with the previous research conducted by Soemedi et al.^\[[@R23]\]^ In patient no. 0009 of the present study, the deletion region contained *GJA5* and *CHD1L* genes. Guida et al^\[[@R24]\]^ have found that duplications or *GJA5* gene mutation occurring in the 1q21.1 region are associated with TOF. Connexin-40, a cardiac gap connection protein encoded by *GJA5* gene, plays an important role in cell adhesion and intercellular communication.^\[[@R20]\]^ The mice with *GJA5* gene deletion obtained by gene engineering technology showed complex heart malformations, especially cardiac outflow tract lesion.^\[[@R25]\]^ The *CHD1L* gene adjacent to the 1q21.1 region in chromosome 1 is associated with TOF and also shows overexpression in the patients with TOF, double outlet right ventricle, or pulmonary artery stenosis.^\[[@R20]\]^ A DNA helicase encoded by *CHD1L* gene is involved in repair of DNA damages by catalyzing the conversion of ATP into poly-(ADP ribose) after chromatin unwinding. Theβ2 subunit of the same protein encoded by *PRKAG2* gene exhibits a relatively high expression in the outflow tract of the right ventricle.^\[[@R26]\]^

Patient no. 0033 with TOF combined with mirror-image dextrocardia, patent foramen ovale, double aortic arch, and tracheal stenosis harbored 1.73-Mb duplication in the 17q12 region. In patient no. 0033, the deletion region contains *CCL3L1* and *HNF1B* genes. Kaslow et al^\[[@R27]\]^ found that *CCL3L1* gene copy number in 17q12 region plays an important role in HIV infection and AIDS progression, and in the same race, *CCL3L1* gene copy number was lower, susceptibility to HIV-1 was higher, and AIDS progression was more easily accelerated. *HNF1B* gene in the 17q12 region encodes a hepatic nuclear transcription factor, which is also widely expressed in kidney, pancreas, ovary, testis, lung, esophagus, and gastrointestinal tract besides liver. *HNF1B* gene participates in transcription factor regulatory network and regulates the expression of other genes. Mutations in all functional regions of *HNF1B* gene may lead to the occurrence of adult-onset diabetes in adolescence, and the most common mutation occurs in the DNA-binding domain. Shields et al^\[[@R28]\]^ revealed that the adult-onset diabetes in adolescence was usually accompanied by renal cystic lesion, liver disease, and nondiabetic progressive renal insufficiency, and female carriers also might have genital abnormalities. So far, none of the genes in the 17q12 region has been found to be associated with CHD; the pathogenic genes in the 17q12 region remain to be further investigated.

Patient no. 0061 with TOF combined with double outlet right ventricle, patent ductus arteriosus, and patent foramen ovale had 5.79-Mb deletion in the 1p36.33p36.31 region, which contained *SKI*, *TP73*, and *CHD5* genes. High-frequency loss of heterozygosity was detected in the 1p36.33p36.31 region, suggesting the existence of tumor suppressor genes. Obvious allelic loss in this region has been observed in a variety of tumors, such as colon cancer, neuroblastoma, hepatocellular carcinoma, lung cancer, and breast cancer, and many candidate tumor suppressor genes remain to be further confirmed besides neuroblastoma gene that has been proved to be a suppressor gene of neuroblastoma.^\[[@R29]\]^ The *SKI* gene in the 1p36.33p36.31 region widely distributes in a variety of tissues and cells; it can not only inhibit Smad3/2 activity but also regulate transcription activity of many nuclear factors such as nuclear factor I and tumor suppressor Rb, participating in multiple physiological and pathological processes including nervous system development, hematopoietic cell proliferation and differentiation, tumorigenesis, and tissue regeneration.^\[[@R30]\]^ The *TP73* gene in the 1p36.33p36.31 region was unexpectedly identified in the cDNA library of COS cells in 1997, and it shares high homology with the *TP53* gene in the N-terminal transcriptional activation region, core DNA-binding domain, and C-terminal oligomerization region.^\[[@R31]\]^ The *TP73* gene can inhibit tumor growth and also promote tumor growth.^\[[@R31]\]^ The *CHD5* gene in the 1p36.33p36.31 region regulates cell proliferation, senescence, and apoptosis through p19Arf/p53 pathway as a main switch of the anticancer regulation system, and also can inhibit cell malignant transformation by *Ras* gene.^\[[@R32]\]^ At present, it has not been reported that any genes in the 1p36.33p36.31 region are associated with CHD; the pathogenic genes in this region remain to be further explored.

Patient no. 0008, 0016, 0024, 0026, and 0028 had 222- to 59-kb CNVs. We also retrieved databases including DECIPHER, DGV, OMIM, and PubMed for the small CNVs found in the present study. In patient no. 0008, CNV1-related fragments were not retrieved and CNV2 pathogenicity was not reported. In patient no. 0016 and 0024, repeated pathogenicity of these regions was not reported. In patient no. 0026, although repeated pathogenicity of this region was not reported, *FOXF1* deletion may lead to many diseases. In patient no. 0028, CNV did not contain pathogenic genes. Therefore, we cannot determine the pathogenicity of these fragments.

There are some limitations in the present study. In the present study, the sample size is too small to find more pathogenic CNVs. Agilent SurePrint G3 Human CGH Microarray kit was used in the present study. It is used only to detect genome-wide CNVs, but cannot identify other chromosomal abnormalities and smaller abnormalities in chromosome structure and gene segment.

5. Conclusion
=============

In summary, aCGH can accurately detect CNVs in the patients with TOF. This is conducive to genetic counseling and prenatal diagnosis for TOF, and provides a new clue and theoretical basis for exploring the pathogenesis of CHD.
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Abbreviations: aCGH = array-comparative genomic hybridization, CHD = congenital heart disease, CNV = copy number variation, TOF = tetralogy of Fallot.

The present study was supported by the National Natural Science Foundation of China (no. 81401419) and the program of advanced study to go abroad in Henan provincial health system (no. 2016047).

LL and H-DW contributed equally to the present study.

The authors have no conflicts of interest to disclose.

Supplemental Digital Content is available for this article.
